High glutathione S-transferase (GST) activity may contribute to colorectal cancer prevention. Functional polymorphisms are known in the GSTM1, GSTT1, GSTA1 and GSTP1 genes. The influence of these GST polymorphisms and recent fruit and vegetable consumption on GST levels and activity has not been investigated simultaneously in a human population. Also, it is not clear if blood GST activity reflects rectal GST activity. Therefore, we determined GST polymorphisms in 94 patients scheduled for sigmoidoscopy. Rectal GST isoenzyme levels (GSTM1, GSTM2, GSTT1, GSTA and GSTP1) were measured by quantitative western blotting, and rectal and white blood cell total GST activities were measured spectrophotometrically using 1-chloro-2,4-dinitrobenzene (CDNB) as a substrate. Vegetable and fruit consumption was assessed by dietary record. As expected, the GSTM1 and GSTT1 deletion polymorphisms, and the GSTA1 g.-69C!T polymorphism significantly affected the respective isoenzyme levels. Also, rectal GST isoenzyme levels differed between those with and without recent consumption of Alliaceae, Cucurbitaceae, Apiaceae and citrus fruit. Rectal GST activity, however, was not clearly influenced by fruit and vegetable consumption. It was most significantly determined by the GSTP1 c.313A!G polymorphism; compared with the 313AA genotypes, the 313AG and 313GG genotypes showed 36 and 67 nmol/min/mg protein (P < 0.001) lower GST activity, respectively. The correlation between rectal and white blood cell GST activities was low (r ¼ 0.40, P < 0.001), and the relevance of the various genetic and dietary factors appeared to differ between the two tissues. In conclusion, this study indicates that the GST enzyme system is influenced by both GST polymorphisms and consumption of fruits and vegetables. The latter appeared more important for individual rectal GST isoenzyme levels than for total GST activity, which could affect detoxification of isoenzyme-specific substrates. The study results do no support the use of white blood cell GST activity as a surrogate measure for rectal GST activity.
Introduction
The gastro-intestinal tract is constantly exposed to exogenous compounds with genotoxic potential. This genotoxicity can be inherent to the compound itself or the result of endogenous bioactivation. The human body is equipped with a defense system, among which are phase II biotransformation enzymes, which alter the toxic compounds and facilitate their excretion. Phase II biotransformation enzymes have been classified into several families, based on the type of reaction they catalyze, one of the most important being the glutathione S-transferases (GSTs, EC 2.5.1.18) (1). These enzymes catalyze the conjugation of reduced glutathione to a wide range of electrophilic substrates, including ultimate carcinogens (2, 3) . In the distal part of the gastro-intestinal tract, the colon and rectum, occurrence of neoplasia is high (4) . This may in part be due to its high cell turnover (5) , but also be due to low basal GST expression (6, 7) . Support for an inverse association between GST capacity and tumor incidence is, however, mostly indirect. Other tissues, e.g. breast and lung, also show high tumor risk with relatively low GST expression and the reverse, low tumor risk with high GST expression, applies to the small intestine and liver (8) . In observational studies, lower cancer incidence has been linked to diets high in fruits and vegetables (9) . An explanation for this observation may be that fruit and vegetable components, e.g. from Brassica vegetables and citrus fruits, induce detoxification enzymes such as GSTs (10) . In a small number of human dietary intervention studies GSTs have been reported to be inducible, in various tissues; in the colorectal area (11, 12) , in plasma or peripheral lymphocytes (13) (14) (15) (16) and in saliva (16, 17) . Because GST levels are relatively low in the colorectal area as compared with other organs, upregulation of GST enzymes may have considerable protective impact in the colon and rectum (6, 7) . The induction process involves activation of certain signal transduction pathways by fruit and vegetable components acting through transcription factor binding sites, which are present in the promoters of GSTs (18) .
Interestingly, interindividual polymorphic variation exists in the GST genes (3) . Depending on exposure to (pro)carcinogens, individuals with different genetic GST variants have been reported to have moderately different cancer risks (3), adding more support for a role of GSTs in human cancer susceptibility. In the coding sequence of GST genes, genetic polymorphisms can affect e.g. the catalytic activity of the enzymes (19) . In the regulatory sequence, genetic variation can result in altered binding of transcription factors and altered mRNA levels (20) , translating into changes in GST isoenzyme levels (21) . In light of the effects that fruit and vegetable components may have on the regulatory region, polymorphisms in this area could be important for nutritional strategies aiming to upregulate GST enzyme capacity.
The aim of the present human observational study was to comprehensively assess GST protein phenotypes (i.e. GST isoenzyme levels and total GST activity) in the rectum in relation to genetic variation (i.e. GSTM1, GSTT1, GSTA1 and GSTP1 polymorphisms) and recent consumption of fruits and vegetables. Moreover, white blood cell GST activities were measured to investigate if these factors show similar effects on blood GST phenotype, and thus if blood can be used as a surrogate tissue.
Methods

Population
Participants were recruited in two outpatient endoscopy clinics in the Netherlands from patients scheduled for a sigmoidoscopy, between January 2003 and June 2004. Eligibility criteria were: age between 18 and 75 years, Caucasian, no chronic inflammatory bowel disease (past or present), no inflammation in the distal colon at the time of endoscopy, no sporadic colorectal cancer (CRC; past or present), and no bowel resection. Of all eligible patients, 235 (64%) were invited to participate in the study. Invitation was dependent on whether the time between identification of the patient and the start date of the food record was sufficient for the consent procedure. Of all invited patients, 105 agreed to participate (45%). Main reasons for not participating were the stress caused by the prospect of the endoscopy in general and fear for the biopsy specifically. Of all participants, 11 were excluded at endoscopy or after inspection of tissue pathology (PA) results because inclusion criteria were not met. This resulted in a final study population of 94 individuals. The study was approved by the Medical Review Boards of both hospitals. All participants gave their written informed consent.
Medical, dietary and lifestyle information
The indication for endoscopy was recorded from the endoscopy request form. Information on the macroscopic and (if available) microscopic result of the endoscopy was recorded from the endoscopy report and (if available) PA report.
Participants kept a 3-day dietary record, the third day ending at the time of endoscopy. Type and amount of food consumed were recorded in a structured open entry format. All records were checked for quality and completeness by the same, trained dietician of the Division of Human Nutrition of Wageningen University; $50% of dietary records required follow-up by telephone, which was successful for the majority within 3 days after endoscopy. Processing into food quantities and coding was done according to the most recent standard manual on food portions and household measures and the Dutch Food composition Table (22, 23) . Conversion into amounts of nutrients was done using the VBS Food Calculation System (24) . Fruits were subdivided in citrus (fruit and juice) and non-citrus fruits, vegetables in botanically defined subtypes: Alliaceae (e.g. garlic, leek), Apiaceae (e.g. celery, carrot), Brassicaceae (e.g. cauliflower, broccoli), Compositae (e.g. endive, lettuce), Cucurbitaceae (e.g. zucchini, cucumber), Solanaceae (e.g. bell pepper, tomato; potato not included), and a restgroup.
General lifestyle information was collected through a semi-structured questionnaire containing questions about age, sex, weight, height, smoking habits, medication, disease and family history of cancer.
Specimen collection and preparation Biopsies. Flexible sigmoidoscopy was performed with the patient in left lateral decubitus position. Biopsies ($20 mg each) were taken from normal rectal mucosa at a distance of 5-15 cm from the anal verge and were snap-frozen in liquid nitrogen.
Blood. Blood (3 · 9 ml) was drawn shortly after endoscopy by venipuncture in Vacuette EDTA K3 Tubes (Greiner Bio-One, Alphen a/d Rijn, the Netherlands).
Leukocytes and lymphocytes. Within 5 min after blood draw, duplicate portions of 1.4 ml whole blood were mixed with 12.6 ml Puregene RBC lysis solution (Gentra systems, BIOzym group, Landgraaf, The Netherlands) and kept on ice for 10-30 min. Samples were then centrifuged at 4 C and 2500 g for 10 min. Leukocyte pellets were not collected of the first 19 participants. Duplicate portions of 4 ml of whole blood were used for isolation of lymphocytes on Histopaque-1077 (Sigma-Aldrich, Zwijndrecht, The Netherlands) according to the instruction of the manufacturer. Leukocyte and lymphocyte pellets were resuspended in 1 ml phosphate-buffered saline (PBS, pH 7.4, Invitrogen, Breda, The Netherlands), centrifuged for 5 min at 10 000 g and stored at À80 C. Leukocyte DNA. One tube of whole blood was centrifuged at 1100 g for 10 min. After removal of plasma, the buffy coat layer was remixed with the blood remnant for later DNA extraction and stored at À80 C.
Laboratory analyses
Genotyping. DNA was extracted from buffy coat cells (QIAamp 96 DNA blood kit, Qiagen Benelux B.V., Venlo, The Netherlands), and samples were stored with negative controls at 4 C. The GSTM1 and GSTT1 deletion polymorphisms were determined simultaneously by allele-specific multiplex PCR (25) , in which a b-globin gene fragment was co-amplified as internal positive control. The GSTA1 g.À69C!T polymorphism was determined by PCR-RFLP according to Coles et al. (26) . Some modifications to the Coles' protocol were made; annealing temperature was set at 61 C and Eam1104I (Fermentas GmbH, St Leon-Rot, Germany) was used as restriction enzyme. The GSTP1 c.313A!G polymorphism was assessed by PCR-RFLP according to Harries et al. (27) . GSTA1 g.À69C!T and GSTP1 c.313A!G genotypes were in Hardy-Weinberg equilibrium (HWE; c 2 ¼ 2.37, P-value ¼ 0.12 and c 2 ¼ 0.07, P-value ¼0.79, respectively).
The 5 0 regulating region of the GSTP1 gene was screened for new polymorphisms by DNA sequencing of the À434 to +296 region of the GSTP1 gene (relative to the translation initiation site of GenBank accession no. AY324387; experimental details available on request). No new polymorphisms were identified. We confirmed the GSTP1 g.217G!A (rs1079719 on the NCBI SNP website), g.227G!A (rs1871041) and g.272C!G (rs4147581) polymorphisms and genotyped them by pyrosequencing (the g.223 G-insertion polymorphism was also confirmed, but genotyping was unsuccessful). For genotyping, PCR was performed with AccuPrime GC-rich DNA polymerase (Invitrogen Protein assays. Two rectal biopsies were homogenized on ice using a frozen (À20 C) pestle, and suspended in 100 ml of 20 mM Tris-HCl (pH 7.5). Leukocyte and lymphocyte pellets were resuspended in 100 ml 20 mM Tris-HCl and cells were lysed by sonification (Sonorex RK100 ultrasonic bath, Bandelin electronic, Berlin, Germany) on ice during 10 min. The resulting rectal tissue and white blood cell lysates were centrifugated at 16 000 g and supernatants were alliquoted and refrozen at À80 C, until further measurement. Total protein was measured by the BCA protein assay reagent kit (Pierce Rockford, IL, USA) using BSA as a standard, following the manufacturer's instructions.
Levels of rectal GST M1, M2, T1, A and P1 were determined by western blotting using monoclonal antibodies (11) and subsequent densitometric analyses of immunoblots. Known amounts of purified GSTs were run in parallel with the samples and served as standards. For quantification of GSTM2 protein, M2 bands were calculated relative to the M1 standard. The detection limit of the immunoblot assays was 20 ng GST protein/mg total protein. GST isoenzyme levels were was normalized to total protein content and expressed as ng GST protein/mg total protein.
Total GST enzyme activity was measured spectrophotometrically using 1-chloro-2,4-dinitrobenzene (CDNB, SigmaAldrich) as a substrate according to the method of Habig et al. (28) , but adapted for microplate reader (SpectraMax 340, Molecular Devices Corporation) (29) . Measurements were performed at 340 nm and 37 C, for 3 min, in triplicate. Data were analyzed using SOFTmaxPRO software (version 2.2.1, Molecular Devices Corporation). The average coefficient of variation in GST activity was 7.3% for rectal samples, 12.4% for leukocytes and 11.2% for lymphocytes. GST enzyme activity was expressed as nmol 2,4-dinitrophenyl-Sglutathione (DNP-SG) produced/min/mg total protein.
Sample storage. White blood cell pellets were stored intact at À80 C for 6.3 ± 4.5 months after blood sampling until preparation and refreezing. GST activity was then measured within 1 month. Rectal biopsies were stored intact at À80 C for 7.5 ± 4.5 months after tissue sampling until homogenation and refreezing; GST activity was then measured within 1 month and GST isoenzyme levels $3 months later.
Statistical analyses
From two subjects no rectal tissue was obtained and for another two subjects there was no dietary information available. One extreme outlier in lymphocyte GST activity (523 nmol/min/mg protein) was excluded from lymphocyteanalyses. For two subjects with the GSTM1 null genotype, a GSTM1 protein value was measured. Since some cross-reactivity with other GSTM proteins may have occurred here, these two GSTM1 values were set to zero.
Vegetable and fruit consumption was dichotomized into 'did' or 'did not' consume on 1 of the 2 days before endoscopy. Linear regression models were used to evaluate factors confounding the associations between genotype and phenotype, or between fruit and vegetable consumption and phenotype (i.e. >10% change in b-estimate), or statistically significantly contributing to phenotype (i.e. P < 0.05). GST genotype-phenotype associations were evaluated for age, sex, sample storage time and family history of CRC, and models were adjusted for age, sex and sample storage time. Sample storage time was calculated as the time between specimen collection and measurement performance, and contributed statistically significantly to phenotype in most models. Although age and sex did not contribute significantly, they were included because they are important general population parameters. Fruits and vegetables-GST phenotype associations were evaluated for age, sex, sample storage time, outpatient clinic, family history of CRC, season, smoking, coffee consumption, alcohol consumption, presence of diverticula, hemorrhoids and adenomas, and models were adjusted for age, sex, sample storage time and smoking. Smoking was defined as smoking on one of the two days before endoscopy.
The difference in GST phenotype outcome and its 95% confidence interval (CI) was reported for the variant genotypes as compared with the most common homozygous genotype variant, and for the 'did-consume' groups as compared with the non-consumers. For the reference groups (the most common homozygous genotype variant and the nonconsumers), least-squares adjusted means were calculated, using mixed models.
Pearson correlation coefficients were calculated to evaluate the strength of the association between rectal and white blood cell GST activities.
Haplotypes for GSTP1 polymorphisms were estimated using the Hplus program version 2.5, available online (Fred Hutchinson Cancer Research Center. Hplus. http://qge.fhcrc. org/hplus). The GSTP1 g.217G!A, g.227G!A and g.272C!G variant nucleotides were not linked and were therefore investigated separately. Inclusion of the GSTP1 c.313A!G polymorphism (corresponding to genomic position 1377) in haplotype estimation resulted in six haplotypes, the two most common were: GGG-A (44.2%) and AGC-G (30.5%). All statistical analyses were performed using SAS software, version 9.1 (SAS institute, Cary, NC). Table I shows the distribution of general characteristics and consumption of fruit and vegetable subtypes between groups of lower and higher rectal GST activity within the study population. Rectal GST activity was lower with higher age, longer duration of ex-smoking, and the presence of hemorrhoids and diverticula. In the higher rectal GST activity group, there were more Alliaceae consumers.
Results
In Table II the GST genotypes and phenotypes are presented for the rectal GST activity groups and for the total population. Rectal GST activity was higher with presence of the GSTP1 272G-and 313A-alleles. All GST isoenzyme levels were higher with higher total rectal GST activity, GSTM2 and GSTP1 most pronounced. GSTP1 was the most abundant rectal GST enzyme measured, GSTA the least abundant. Interindividual variation in GST M1, M2, T1, A and P1 isoenzyme levels was about 10, 15, 7, 17 and 13-fold, respectively. Total GST activities in leukocytes and lymphocytes were higher with higher total rectal GST activity, though not significantly in lymphocytes. The interindividual variation in the GST activity measures was $4-fold. The correlations between rectal and white blood cell GST activities were 0.41 between rectal and leukocyte, 0.35 between rectal and lymphocyte, and 0.41 between leukocyte and lymphocyte GST activity, P < 0.001 for all coefficients.
Rectal GST isoenzyme levels in relation to genetic variation GST polymorphisms were associated with the levels of their isoenzymes (data not in table); presence or absence of the GSTM1 gene resulted in GSTM1 levels of 2150 ± 1148 and 0 ng/mg protein and for the GSTT1 gene corresponding GSTT1 levels were 4646 ± 2466 and 0 ng/mg protein. GSTA level differed significantly between GSTA1 g.À69C!T genotypes ( Figure 1) ; The CC genotypes had the highest (762 ± 413 ng/mg, median value 677), the CT genotypes an intermediate (378 ± 264 ng/mg, median value 368) and the TT genotypes no detectable GSTA level (P < 0.001). The GSTP1 level appeared to be higher among individuals with a GSTP1 313 variant G-allele: the 313GA and 313GG genotypes had 772 (P ¼ 0.17) and 1440 (P ¼ 0.088) ng/mg protein higher GSTP1 levels compared with the AA genotype, respectively. The GSTP1 217GA genotype also showed a borderline significantly higher GSTP1 level (1026 ng/mg, P ¼ 0.072) compared with the 217 GG genotype. There was no association between GSTP1 level and the GSTP1 227 or 272 variants.
Rectal GST isoenzyme levels in relation to fruit and vegetable consumption Citrus fruit and juice consumption combined was positively associated with GSTM1 level (Table III) . Total vegetable consumption and consumption of Apiaceae were inversely associated with GSTM2 level. Consumption of Alliaceae was associated with higher GSTT1 level. There was no significant association between fruit or vegetable consumption and GSTA level. However, when the GSTA1 g.À69C!T genotype was added to the GSTA-fruit and vegetable models, GSTA level was significantly higher among consumers of Solanaceae: +152 ng/mg protein (P ¼ 0.024), and Cucurbitaceae: +152 ng/mg protein (P ¼ 0.035), compared with non-consumers (data not shown in table). Consumption of Alliaceae and Cucurbitaceae was positively associated with GSTP1 level (Table III) . This higher GSTP1 level was most pronounced for the GSTP1 272CC genotype: +3758 ng/mg protein (P ¼ 0.0039) with Alliaceae consumption and +2340 ng/mg protein (P ¼ 0.074) with Cucurbitaceae consumption; similar results were observed for the 227GA genotype, but this did not reach statistical significance. There was no such difference when stratifying for the GSTP1 g.217G!A or c.313A!G genotypes.
Rectal and white blood cell total GST activity in relation to genetic variation Rectal GST activity. The polymorphisms in GSTM1, GSTT1 and GSTA1 did not affect rectal GST activity significantly (Table IV) . Rectal GST activity did differ significantly between GSTP1 c.313A!G genotypes; the 313AG and GG genotypes had 36 and 67 nmol/min/mg protein lower rectal GST activities than the AA genotype, respectively. The GSTP1 272GG genotypes showed significantly higher rectal GST activity, likely because all 272GG individuals were GSTP1 313AA. The GSTP1 g.217G!A and g.227G!A polymorphisms did not affect rectal GST activity significantly.
White blood cell GST activity. In leukocytes, the GSTM1 deletion polymorphism was associated with a 27 nmol/min/ mg protein lower GST activity (Table IV) . As in rectum, the GSTP1 313G-variant showed lower activity in leukocytes, but this was not statistically significant. The GSTP1 272CG genotype was significantly inversely associated with leukocyte activity, which was in contrast to its effect on rectal GST activity. In lymphocytes, the GSTP1 c.313A!G polymorphism showed a similar trend as in rectum: the 313AG and 313GG genotypes had 17 and 35 nmol/min/mg protein lower GST activity than the 313AA genotype, respectively. The GSTP1 217GA genotypes had significantly lower and the GSTP1 227GA genotypes had significantly higher lymphocyte GST activities than their homozygous wild-types (GSTP1 217GG and 227GG, respectively).
Rectal and white blood cell total GST activity in relation to fruit and vegetable consumption Rectal GST activity. There was no statistically significant association between fruit and vegetable consumption on the two days prior to sigmoidoscopy and rectal GST activity (Table V) . However, when stratifying for the GSTM1 deletion polymorphism, there was a significant difference in rectal GST activity between those who did and did not report fruit consumption of any kind among GSTM1 null individuals (+43 nmol/min/mg protein, P ¼ 0.019, data not in table), which was not observed among GSTM1 positive individuals (À1.5, P ¼ 0.95). Also, when adding the GSTP1 c.313A!G polymorphism to the rectal GST activity and fruit and vegetable models, there was a significant difference between consumers and non-consumers of Alliaceae with respect to total rectal GST activity (+24 nmol/min/mg protein, P ¼ 0.031).
White blood cell GST activity. Consumption of citrus juice was slightly inversely associated with leukocyte GST activity, and consumption of Alliaceae and Cucurbitaceae positively (Table V) . Lymphocyte GST activity appeared to be slightly positively associated with citrus fruit consumption.
Similar to observations in rectal biopsies, lymphocyte GST activity among GSTM1 null individuals who reported For rectal tissue, sample storage time until homogenation and refreezing was 9.4 ± 5.0 for lower than and 5.6 ± 3.0 months for higher than median GST activity; for white blood cells this was 8.2 ± 5.0 for lower than and 4.4 ± 3.0 months for higher than median GST activity. d One outlier deleted. Ã P <0.05; ÃÃ <0.01, ÃÃÃ <0.001 (c 2 or fisher depending on cell numbers for proportions; wilcoxon for non-normally distributed variables; t-test for normally distributed variables). On (one of) the two days before specimen collection.
b n is the same for GSTP1, GSTA and GSTM2, i.e. total population. Ã Adjusted for age, sex, sample storage time, smoking.
ÃÃ n: only those who possess the gene.
fruit consumption was higher compared with those who did not (+18, nmol/min/mg protein P ¼ 0.068), and this was not observed among GSTM1 positive individuals (À16 nmol/min/mg protein, P ¼ 0.28); In leukocytes, GST activity among GSTM1 null and positive individuals with fruit consumption was +17 (P ¼ 0.13) and À5.1 (P ¼ 0.76), respectively. The difference in rectal GST activity, observed with Alliaceae consumption when the GSTP1 c.313A!G polymorphism was added to the statistical model, could also be seen in lymphocytes: +13 nmol/min/mg protein (P ¼ 0.045) and became slightly more pronounced in leukocytes: +17 nmol/min/mg protein (P ¼ 0.076).
Discussion
The results from this human observational study confirm that both genetic variation and recent consumption of fruits and vegetables influence the GST enzyme system. The GSTM1, GSTT1 and GSTA1 g.À69C!T polymorphisms clearly affected their respective isoenzyme levels. Consumption of specific fruits and vegetables was also associated with differences in specific rectal GST isoenzyme levels; GSTM1 level was higher among consumers of citrus, GSTM2 level was lower among total vegetable and Apiaceae consumers, GSTT1 level was higher among consumers of Alliaceae, and GSTP1 level was higher among consumers of Alliaceae and Cucurbitaceae. The consequences for the rectal GST activity are not obvious; activity was most affected by the GSTP1 c.313A!G polymorphism, whereas fruit and vegetable consumption in itself did not seem influential. GST activity in white blood cells did appear to be affected by fruit and vegetable consumption to some extent, and next to GSTP1 polymorphisms also by the GSTM1 deletion genotype. We will first discuss the polymorphisms, and then fruit and vegetable consumption, in relation to GST phenotype.
In our population, the GSTA1 g. À69C!T polymorphism affected rectal GSTA enzyme level, which is consistent with knowledge about the functionality of the polymorphism (30) . GSTA level as measured by us, consists of GSTA1 and GSTA2 protein. As we observed GSTA levels of zero (among the GSTA1 À69TT-genotypes), the expression of the GSTA2 subunit was apparently below detection in these subjects. Possibly, the reversed co-expression between GSTA1 and GSTA2, as reported for liver (25) , does not operate in the colorectal area. The GSTP1 c.313A!G polymorphism did not have a clear relationship with its enzyme level, but clearly affected rectal total GST activity. It leads to an amino acid change, with consequences for substrate binding and thermal stability, i.e. lower GSTP1 activity (19, 31) . The abundance of GSTP1 enzyme in the rectum, in combination with the lower activity of the variant GSTP1 protein, explains the great influence of the GSTP1 c.313A!G polymorphism on total GST activity in the rectum. The effect of the other GSTP1 polymorphisms may be related to the GSTP1 c.313A!G polymorphism, as the 313A-allele occurred most frequently with the 272G-allele, and the 313G-allele with the 217A-allele. However, a larger population should be genotyped for more definitive answers concerning their linkage. Consumption of different types of fruits and vegetables appeared to influence rectal individual GST isoenzyme levels, while it did not seem to influence rectal total GST activity. In the literature, several GST protein phenotypes and fruit and vegetable subtypes have been investigated, in different tissues. Most studies have focussed on Brassicaceae (11, 13, 14, 16, 17, (32) (33) (34) : higher levels of GSTA (11, (13) (14) (15) and GSTP1 (11) , and higher total GST activity (17) and GSTM activity (15) have been reported. We observed higher GSTM1 levels in rectum among Brassicaceae consumers ($30%, not significant), but a significant positive effect of Brassicaceae consumption on GST isoenzyme levels or GST activity was not seen. Lampe et al. (15) also studied Alliaceae and Apiaceae vegetables; After Alliaceae supplementation, they observed higher GSTM activity. In our study, individuals who consumed Alliaceae had significantly higher GSTT1 and GSTP1 level. The latter is in contrast with Wark et al. (35) who, also from observational data, noted downregulation of rectal GSTP1 with higher Alliaceae consumption. After Apiaceae supplementation, Lampe et al. (15) observed lower serum GSTA levels. They have also reported decreased CYP1A2 activity with Apiaceae consumption (36) . In our study, rectal GSTM2 appeared to be downregulated by Apiaceae. There are indications from cell studies that phytochemicals from Apiaceae and Brassicaceae downregulate certain enzymes (37, 38) . Also, we observed lower GSTP1 levels with total vegetable consumption, to a level of $85% of those who did not consume any vegetables on one of the two days before endoscopy; This effect appeared to be due to Apiaceae and Brassicaceae vegetables. A similar decrease in GSTP1 level was noted in lymphocytes by Persson et al. after a mixed vegetable diet, containing Apiaceae and Brassicaceae (39) . Overall, inconsistencies concerning the effect of fruit and vegetable consumption on GST phenotype remain. Differences in study results may be related to study design (intervention versus observational), time frame and method of food consumption measurement (food frequency questionnaire versus food record), coding of consumption (yes/no versus high/low or continuous), type of tissue that was sampled, or laboratory methods. In general, studies are small, and only few have taken genetic variation into account.
Our a priori calculation of power and sample size required for comparison of phenotype by genotype groups was based on data by Coles et al. (26) and Siegel et al. (40) . We estimated that a total group of 100 subjects and differing genotype frequencies would yield a power of >75% to detect relevant protein differences between at least two of the three genotype groups. To uncover the interplay between several different exposures and genes, however, larger studies are needed. As sampling of rectal material is invasive and impractical, blood GST activity could be a useful surrogate measure. We therefore compared white blood cell and rectal GST activity, but the correlation between the two was low. Despite earlier reports (33,41), blood may not be a good surrogate tissue. Possibly, taking genotype into account improves its value. The study population consisted of individuals undergoing sigmoidoscopy for diagnostic reasons. Possible disadvantages are presence of colorectal abnormalities, bowel preparation, and lower food consumption. Colorectal abnormalities (i.e. diverticula, hemorrhoids and adenomas) were minor however, and though their distribution over the GST activity median-based groups was different, they did not influence statistical models. Bowel preparation for endoscopy may have affected phenotype, by itself or by lowering absorption and delivery of (non)nutrients to the rectal crypts. If it did, subjects at least were affected similarly, as preparations were similar. Subjects were not restricted in their food consumption, but energy intake was relatively low (7930 ± 2136 kJ/day), as was vegetable intake, which may have resulted in relatively low amounts of inducer. The purpose of our food record was to estimate actual and not habitual consumption, because induction of GST enzymes occurs rapidly, in a matter of hours to days after consumption of the inducer (17, 34, 42) .
Assessment of polymorphisms was reproducible, and distributions of the GSTM1, GSTT1, GSTA1 g.À69C!T and GSTP1 c.313A!G polymorphisms were similar to previous findings (43, 44) . The distribution of the other GSTP1 polymorphism are not easily compared with that of the multi-ethnic population on the NCBI SNP website (www. ncbi.nlm.nih.gov/SNP, accessed September 19, 2006) .
Interindividual GST expression was highly variable in our study, which is in line with other reports (3). Between studies, reported GST isoenzyme levels (7, 35, 45 ) also vary, as do GST activities (11, 12, 33, 35, 41, 46, 47) . This may be related to the method of total protein measurement, by which GST measures are normalized; these are known to recover different amounts of protein (48, 49) . It may also be related to differences in population characteristics, such as genetic differences, age, sex, smoking or dietary habits.
A general point of attention is the substrate used to measure GST activity, which was CDNB, as in most studies. The different GST enzymes contribute differently to its metabolism: the order of highest to lowest specific activity is GSTM2, GSTM1, GSTP1, GSTA, whereas GSTT1 has no activity for CDNB (1) . Total GST activity is an important measure for generic carcinogenic substrates. But, if not all GST isoenzymes or only those with lower specific activity are affected by a polymorphism or fruit and vegetable consumption, an effect may be difficult to visualize. It may, however, still be relevant, because numerous substrates are specifically metabolized by individual GST isoenzymes (e.g. N-acetoxy PhIP by GSTA1) (2,3) .
The results of the present study contribute to a better understanding of both possibilities and limitations for foodmediated health effects. When investigating GST phenotype, genotype needs to be taken into account. White blood cell total GST activity may be unsuitable as a surrogate for rectal total GST activity. Thus, large and invasive studies are needed to evaluate the true effects of fruits and vegetables on rectal GSTs in human populations.
